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Electron Microscopy of Rugose Leaf
Curl Virus in Red Clover, Trifolium pratense and in the Leaf hopper Vector Austroagallia torrida (Accepted 7 January I974) SUMMARY Virus-like particles have been detected in the sap of red clover plants (Trifolium pratense) infected with rugose leaf curl disease and in the salivary glands of the leaf hopper vector (Austroagallia torrida), but not in healthy red clover. Some discrepancy in size between the particles isolated from the plant sap and those seen in sections of the salivary glands is attributed to the removal of the outer envelopes of the virus particles during their isolation from plant material.
Rugose leaf curl virus (RLCV) was reported and the symptoms on a range of host plants were described by Grylls (I954) . The disease caused by the virus was first described after greenhouse transmission by the leaf hopper Austroagallia torrida (Evans) . It was later seen in the field where Io to 12 % of red clover (Trifolium pratense) and upwards of 6 % of white clover (Trifolium repens) were infected (Grylls, ~955) .
In greenhouse studies the disease was transmitted from one plant to another by graft and by the insect vector; and in the vector the disease could also be transovarially transmitted. Studies in the greenhouse (Grylls & Day, I966) and in the field (Grylls, Galletly & Campbell, 1972 ) demonstrated a form of stolon recovery in stoloniferous plants and a significant degree of resistance to reinfection in plants established from the recovered stolons.
The symptoms of RLCV infection included chlorosis, rugosity, stunting and anthocyanin pigmentation of older leaves. Stunting and chlorosis are symptoms of other leaf hopperborne diseases many of which are now thought to be caused by mycoplasmas (Whitcomb & Davis, I97o; Bowyer & Atherton, i97i; Davis & Whitcomb, I97I; Hull, I97Q . Since the mycoplasma diseases are also transmitted by leaf hoppers and by graft, electron microscope studies were initiated to confirm the virus nature of the rugose leaf curl disease.
Salivary glands from disease-free Austroagallia torrida and from A. torrida reared on RLCV-infected clover plants were dissected directly into 2"5 % glutaraldehyde. They were then transferred to 2"5 % glutaraldehyde in o.o5 M-cacodylate buffer containing sucrose at pH 7.2 for 2 h at room temperature. Specimens were then washed in cacodylate buffer, post-fixed in 1% osmium tetroxide in o.o5 M-cacodylate buffer at pH 7.2 for 2 h at room temperature, dehydrated and embedded in Araldite. Thin sections were stained with uranyl acetate and lead citrate and examined in a Siemens Elmiskop I. Virus-like particles were detected in salivary glands of A. torrida from the RLCV-infected colony and from fieldcollected insects, but not in those from non-transmitting insects. The particles were irregular in profile (Fig. I, 2 ) and 75 to 85 nm in diam. They comprised an electron-dense core approximately Ia. 5 nm in thickness. Particles were observed within elements of the smooth endoplasmic reticulum (Fig. I ) or in extracellular compartments between the basal plasma membrane of the cells and the basement lamella (Fig. 2) .
Healthy red clover plants and plants inoculated with RLCV 6 months previously were ~3-2 harvested separately. Each was separated into roots and tops, cut into small pieces and frozen overnight. They were then blended in a Waring blender in an aqueous solution of 0-02 M-potassium phosphate + 0.2 ~ sodium sulphite at a concentration of I ml/g of plant material and left overnight at 4 °C. The macerates were then strained through organdie, and partially clarified by low-speed sedimentation. The supernatant fluid was centrifuged at 6000 rev/min for 25 min, decanted and centrifuged at 39000 rev/min for 45 min in a Spinco 4o rotor. The resulting pellet was suspended in an aqueous solution containing o.oI M-EDTA and o-~ M-NaC1 and further clarified by shaking with I : I o chloroform followed by low-speed sedimentation. Suspensions were examined in the electron microscope by the negative staining technique using 2 ~o sodium phosphotungstate. Preparations of sap from both RLCV-infected roots and tops of plants contained spherical virus-like particles about 42 nm in diam. They appeared singly or aggregated in small groups in the phosphotungstate films (Fig. 3 ). The discrepancy in particle size between the electron-opaque core from the insect salivary glands (about 65 nm) and the 42 to 45 nm particles seen on grids prepared from RLCVinfected plant sap, was investigated further. Austroagallia torrida from an RLCV-infected colony were ground in similar buffer and under similar conditions to that used for infected plant sap. Particles isolated from A. torrida by this procedure (Fig. 4) were of similar size (42 to 45 nm) to those isolated from the plant sap, suggesting that the purification process was responsible for removing a portion of the membrane surrounding the virus particles as well as removing the outer envelope. Additional tests showed that this was not due specifically to the chloroform clarification.
Thin sections were also made of RLCV-infected plant tissue, but despite an exhaustive search, virus particles were not detected.
The morphology and structure of RLCV is similar to that of some of the plant and animal viruses that have outer envelopes. In plant viruses differences in size and structure between virus particles before and after purification have been demonstrated. Fukushi, Shikata & Kimura 0962), in their study of the morphological character of rice dwarf virus, found membrane-coated particles 75 nm in size, with central dark areas of 45 nm. Gerola & Bassi 0966), Gerola et al. 0966) , Lovisolo & Conti (I966), Kislev, Harpaz & Klein (I968) and Appiano & Lovisolo (I972) , showed that mature particles of maize rough dwarf virus (MRDV) seen in ultra-thin sections of diseased plants had a diam. of about 75 nm and contained a heavily stained core approx. 50 nm in diam. Lesemann (1972) demonstrated that crude extracts of MRDV stained with uranyl formate or sodium phosphotungstate had a thin distinct outer layer similar to the inner capsid of the 6o to 7o nm particles. Redolphi & Pennazio (1972) found that freshly purified MRDV material showed no particles with complete outer capsids and their diam. were 40 to 45 nm. The removal of outer capsids during virus purification has also been shown for wound tumour virus (Streissle & Granados, 1968) , and for Fiji disease (Teakle & Steindl, 1969) .
Similar capsid structures have been demonstrated also in certain animal viruses of the reo and arbovirus groups. Mayor et al. (1965) illustrate a typical stained preparation of reovirus in which the double structure of the complete 60 nm capsid is shown, as well as inner forms that after digestion with trypsin for I h had a mean diam. of 45 nm. Els & Verwoerd (I969) , observed pseudo-envelopes around bluetongue virus particles. These could be removed during purification without loss of infectivity of the virus and it was concluded that the structures did not form an essential part of the virus. Verwoerd 0969), illustrated differences of IOO nm and 60 nm between enveloped and non-enveloped particles. We conclude that RLCV is similar to the other plant and animal viruses that are transmitted by insect vectors. The virus particles in the insect vector consist of a capsid surrounded by an envelope which probably is added during maturation of the particles. According to the preparative techniques employed, part or all of the envelope and capsid may be removed so that some size variation may be expected in micrographs of negatively stained isolated particles.
A further similarity between the cicadellid-borne plant viruses, rice dwarf, wound tumour and rugose leaf curl is that all are transovarially transmitted in their insect vectors. 
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